In recent years, there has been an increased usage of single crystal superalloys in high temperature components because of the requirements for high creep resistance. For these complex alloys, it is necessary to understand the molten alloy convective phenomena that can cause deleterious grain defects. In particular, it is believed that the penetration of the bulk convection into the mushy zone can assist in the initiation of upward flowing liquid jets, i.e. channels, which sweep dendritic fragments out of the mushy zone and into the bulk liquid. These fragments can then serve as nuclei for growth of spurious grains that lead to defects called freckles. In the present work, a detailed quasi-steady state, axisymmetric FIDAP model is utilized to simulate the thermal buoyancy convection that occurs during directional solidification. The governing equations for the alloy and the crucible are solved subject to appropriate boundary conditions to determine the velocity and temperature distributions. The results obtained show how the major process parameters such as solidification velocity, and crucible diameter influence convection in the mushy zone. Finally, the numerical results are shown to agree with existing experimental data on freckle formation in metal alloy systems.
I. INTRODUCTION
New alloys and turbine blade designs for next generation aircraft promise to continue pushing the limits of manufacturing technology by requiring ever more complex components to be produced. Unfortunately, the more complex the geometry of the turbine blade, the lower the production yield and the higher the cost of the casting. In fact, scrap rates of 40% are common with some single crystal designs due to grain defects referred to as slivers, equiaxed grains, freckles, and freckle chains. In addition to the costs of recurring scrap, these spurious grain defects can significantly delay the introduction of new casting designs as foundry personnel are forced to empirically adjust their processes prior to full-scale production. Currently, the fundamental solidification phenomena controlling the origins of these defects are only qualitatively understood.
In general, single crystal turbine blades are cast in a specialized vacuum furnace with two compartments, a hot zone and a cold zone as shown in Figure l(a) below. A baffle is used to separate these chambers and minimize energy exchange between them except for a circular opening for the mold. To increase productivity, multiple parts are usually cast in a cluster of molds. Initially, the mold cluster sits inside the hot zone above the melting temperature. Liquid metal is then poured into the mold, and the mold is gradually withdrawn into the cold Single crystal turbine blades produced by this process often contain defects called freckle chains on their outer surface. Freckle chains are extended trails of macrosegregation containing excess eutectic material, second phase particles, and small equiaxed grains. Giamei and Kear [l] and Copley et al. [2] showed that freckle chains are caused by upwardly flowing jets originating in the mushy zone. Although the exact mechanism for debris generation is unknown [3] , these jets are believed to be responsible for causing the erosion of dendrite arms and leaving a trail of dendritic debris. Copley et a1. [2] showed that the location of the freckles is influenced by mushy zone orientation and shape.
Sample and Hellawell [4] deduced a phenomenological model which described the initiation of freckle chains. According to this model, the key event involves a perturbation, possibly caused by the convection from the bulk fluid, which initiates a plume. The plume draws the surrounding low density segregated liquid from the mushy zone. This flow causes a local depression in the liquidus and produces an open channel, thus providing a self-sustaining path for feeding the plume. McCay [S] postulated that the pluming could be the result of a Rayleigh-Bernard instability at the interface between the bulk fluid and the mushy zone. These plumes are postulated to be the initiating mechanisms for freckle chains.
The formation of freckles may be enhanced by low thermal gradients, low solidification velocities, and a large density inversion of the segregated liquid. Copley et al. [2] suggested that the casting's cooling rate should be above a critical cooling rate or freckles would be likely. Sarazin and Hellawell[G] calculated mushy zone Rayleigh numbers to characterize the freckle formation tendency. They showed that increases in interdendritic spacing or density differences caused by temperature and/or composition changes enhance the potential for freckle formation. Pollock et al. [7] also investigated the dominating influence of cooling rate and resultant primary dendrite arm spacing on freckle chain formation in a series of directionally solidified nickel-based superalloys. Their results showed clearly that decreasing the interdendritic spacing would decrease the permeability of the mushy zone and retard feeding and development of pIumes essential for freckle formation.
Muller [8] in his monograph on crystal growth extensively examined the natural convection in simply shaped cavities and determined the critical Rayleigh numbers for the onset of steady convection and for transition from steady to unsteady convection over a wide range of aspect ratios for a top seeded Bridgman apparatus. McCay et a1. [9] studied the thermosolutal convection in the presence of a mushy zone in the directional solidification of aqueous ammonium chloride materials by optical and laser particle tracking techniques. Dependent upon the Rayleigh number, they noticed both Bernard type cellular convection and pluming flows. The presence of a mushy zone increased resistance to flow and raised the critical Rayleigh numbers for onset of both the cellular and plume-like flows. These trends are consistent with the results described by Sample and Hellawell [4] and Pollock [7] . This work of McCay et al. [9] is especially useful in understanding the convection regimes and provides insight for developing mathematical and computational models of freckle formation. In a separate study [l4] , the authors of the present paper developed a computational model of an investment cluster of a nickel based superalloy PWA 1484 cast at HOWMET Corporation. This study showed that mushy zone orientation and the volumes of the different parts of the casting have a major influence on freckle formation. It also confirmed the importance of cooling rates in the development of freckles.
The above-mentioned study concluded that the interaction between the low-density segregated liquid in the mushy zone and the natural convection in the bulk liquid must be clearly understood if quantitative predictions of freckle chains in complex turbine components are to be realized. The chemistries of alloys like PWA 1484 are very complex and there are little data available on the phase diagram or segregation coefficients for this alloy. The focus will therefore be placed on understanding the thermal behavior of these systems. In this paper, a computational model is presented which examines the thermal buoyancy convection during the directional solidification of nickel-based superalloys. The model will be used to study the penetration of the bulk convection into the mushy zone. The effect of the major process parameters such as aspect ratio (changes in diameter), withdrawal rate (which influences the solidification rate) , and thermal gradient were studied. In this work results showing the effects of diameter and withdrawal rate are shown. The predictions from the model will then be compared to known experimental results on freckle formation.
II. Model Description
The heat and mass transfer processes that occur during directional solidification are extremely complicated. In order to make the problem tractable, a somewhat simplified numerical model is considered in the present work. This section describes the geometry of the model used and presents the appropriate governing equations. In the directional solidification process, there is a continuous translation of the ampoule through the furnace which results in a time dependent process. Between the initial and final transients, however, Su et a1. [15] (for aluminum-copper alloys), Overfelt et al.[ 161 (for Inconel 7 1 S), and Wang [ 171 (for galliumdoped germanium) found that there exists a region where the crystal solidification rate equals the ampoule translation rate. The dendrite arm spacing remains constant in this regime. The present model describes the convection that occurs in this regime. The translation of the ampoule can be simulated by assuming that the melt of a given composition is introduced at the top of the ampoule at a uniform velocity. At the same time, the solidified crystal of the same average composition is continuously removed at the bottom with a growth rate equal to melt input velocity. The ampoule is assumed to be sufficiently long so that the transients in velocity, temperature, pressure, and concentration due to the decrease in melt length and displacement of the ampoule can be safely neglected. The assumption of a long ampoule also justifies the neglect of thermal end effects and avoids the initial and final transients that occur during crystal growth.
One of the primary purposes of this study was to consider different diameter-to-length ratios. In order to avoid numerical instabilities due to application of inlet conditions, it was necessary to add an additional adiabatic zone at the top. This extended length model ensures that the bulk convection cell will not distort the flow at the inlet. The dimensions associated with this model are given in Table 1 . To model both the convective and heat transfer processes which occur, the applicable set of continuity, motion, and energy equations for the growth material and ampoule are simplified using the ideas of the quasi-steady state model described above. The melt material is considered to be incompressible and Newtonian, and the velocity and temperature fields are assumed to be axisymmetric. Coupling of the thermosolutal buoyancy effects in the mushy zone with the bulk convection effects is neglected in this work. The solidification of the growth material is treated as a porous medium. The governing equations are thus written in terms of a superficial ('Darcian') velocity which can be defined as: v = (l-fs(T))vl and w = (1-fs(T))wt where fs(T) is the fraction solid and v1 and w1 represent the actual liquid velocities in the radial and axial direction. Since a major theme of the present research is to conduct parametric studies, the equations are written in their nondimensional form by scaling the variables with respect to their characteristic values. The characteristic values used for scaling lengths, velocities, and pressures are respectively, L, am/L, and (pm am2)lL2. Here, L represents the length of the crucible, pm is the density of the melt, and a, is the thermal diffusivity of the melt. For the temperature, it is convenient to use the following dimensionless form:
where T, and Th are respectively the maximum and minimum temperatures in the cold and hot zones of the furnace. To account for the advection of latent heat in the mushy zone, the enthalpy form of the energy equation was used. The enthalpy was nondimensionalized with respect to the product of the melt specific heat and overall temperature difference (cpl AT). The dimensionless form of the equations governing the mass, momentum, and heat transfer are then
Momentum Equations: To model the effects of phase change from melt to solid, temperature dependent functions were used for the thermal conductivity, permeability, and enthalpy. The thermophysical properties utilized were typical for nickel-based superalloys [ 181. The specific heat is computed from the slope of the enthalpy-temperature curve based on the temperature at the point. The enthalpy-temperature curve is constructed such that it reflects the specific heat of the solid(c release in t R s), liquid(cpl), and the latent heat release(AH) in the mushy zone. The latent heat e mushy zone is controlled by the fraction solid curve f,(T) of the growth material. The fraction solid values were determined by using a cooling curve analysis [14, 191 . The fraction solid curve used in this analysis is shown in Figure 2 . The equation for the enthalpy function can be written as: H(T) = lcpsdT + AH (l-f,(T)) + /cpldT. (6) This curve has been nondimensionalized with respect to the product of the melt specific heat and the overall temperature difference. The latent heat is thus nondimensionalized by the Stefan number (cpl A T / AH). The viscosity values in the fully molten region used were typical for nickel-based superalloys [20] . Between the fully molten region and the fully solid region, the permeability utilized in the computational model must rapidly decrease to values sufficient to completely suppress all fluid motion. Several investigators have measured effective viscosity values of semisolid slurries [21, 22, 23] and found that effective viscosity values for equiaxed microstructures increase rapidly at solid fractions of 0.4-0.6 for a wide range of shear rates. Bhat et aE. [24] and Ganesan et aZ. [25] have numerically calculated permeability data for cross flow through columnar dendritic microstructures (Kr) obtained experimentally for different solid fractions and numerically estimated the flow parallel to the primary dendrite arms (KZ). These researchers provide recommendations of cross-flow and parallel-flow permeability as afunction of solid fraction and show that the permeability rapidly decreases at solid fractions of 0.4-0.6, similar to the viscosity results. In this work, the decrease in convective ability in the mushy zone was simulated by a decreasing permeability, using the values obtained by Ganesan [25] and Bhat [24] . They found that the parallel flow permeability values are consistently higher than the cross flow values which is expected for columnar growth.
The present problem considers the heat transfer that takes place through the ampoule walls of finite thickness. This equation is presented only in its nondimensional form. Here, Pe is the Peclet number (vg W a,) representing the nondimensionalized growth rate (vg is the growth velocity), and a, is the thermal diffusivity of the crucible.
A schematic diagram of the computational model is shown in Figure 3 . Since the anticipated flows are assumed to be axisymmetric, the modeled region extends radially from the centerline to the outer edge of the crucible wall. Because it is assumed that the model is quite long in the axial direction, the end effects are neglected. Therefore, the top of the melt is kept at the hot zone temperature and the bottom of the crystal is at the cold zone temperature. The effect of the pull rate is considered by supplying melt at a uniform rate on top and extracting the solidified crystal at a rate equal to the growth rate modified by density differences. At the outer edge of the crucible wall, a temperature boundary condition representative of the radiation and convection characteristics from the crucible wall to the furnace enclosure is imposed. The nondimensional parameters of the growth material, crucible, and furnace conditions are listed in Table 1 . 
Ill. Solution Methods
FIDAP, a finite-element-based, commercial software package, has been used for this simulation. One of the advantages of FIDAP is its ability to handle problems involving heat and mass transfer and latent heat release. Thus, it is especially suited for problems such as this study. The finite element method has the ability to solve complex flow domains and difficult boundary conditions. The first step is to discretize the domain into a set of simply shaped, nine node quadrilateral elements. Along boundaries and surfaces where boundary conditions are to be applied three node quadrilateral elements are used. Within each element the dependent variables are represented as interpolated functions expressed in terms of the values at elemental nodal points. The partial differential equations governing the fluid flow are then replaced by algebraic equations in each element using the Galerkin method, a weighted residual technique. The resulting algebraic equations are solved using the Newton-Raphson method under two convergence criteria conditions to determine the values of the dependent variables throughout the domain. The first criteria is used for the solution vector and the second applies to the residual vector. Both criteria in this simulation were set to 0.01%. A solution is obtained when all the variables to be solved meet both convergence criteria.
In the absence of a top adiabatic zone, the model leads to numerical instabilities when either the diameter is increased or the Rayleigh number is increased beyond approximately 106. Under these conditions, the upper flow cell increases in both size and intensity. As it approaches the inlet, the strong convection interferes with the ability of the code to enforce the inlet boundary condition.
In order to alleviate these difficulties in the simulation of large diameter crystal growth, the model shown in Figure 3 was used. In Figure 3 , an additional adiabatic zone is placed on top of the hot zone. With this geometry, the conditions of the melt inlet are now displaced upwards to the top of the adiabatic zone. This extra length allows the convective streamline cell that forms between the adiabatic zones to grow. Since there is very little change in temperature between the melt inlet and the bottom of the adiabatic zone, the possibility of convective cells forming in this region is quite small. Thus, this extended length model ensures that the upper convective cell will not distort the inlet flow. The extended length model presented here is similar to that used in a previous study [ 131. The earlier study, however, considered the solute segregation due to the thermal buoyancy convection and solid-liquid interface deformation of gallium doped germanium (no mushy zone effects were considered). The results of that study compared well with a similar quasi-steady state model of the Bridgman process used by Adornato and Brown [26] which examined the effect of various parameters on solute segregation in the melt. Also, the use of the current set of equations gives excellent agreement with the model results given by Voller and Prakash [27] .
The temperature boundary conditions applied to the edge of the crucible were determined from a separate set of simulation experiments using the commercial finite element code ProCast. Simulations of actual laboratory directional solidification experiments were performed and compared with embedded thermocouple data to determine transient crucible edge temperatures [28] . The thermal boundary conditions thus obtained are shown in Figure 4 . 
is is n n -0. 
IV. Results and Discussion
The primary purpose of this study is to assess the effects of various solidification process parameters (solidification velocity and crucible diameter) in enabling penetration of bulk convection into the mushy zone. The greater the penetration, the greater is the interaction of the bulk convection with the lower density interdendritic liquid. Coupling of the thermosolutal buoyancy effects in the mushy zone with the bulk convection effects is neglected due to lack of information on solute partitioning and solutal effects on density. It is the radial component of velocity that causes the circular motion of the fluid into the mushy zone across the dendrites (see Figure lb) . The amount of penetration can thus be quantified by evaluating the nondimensional radial velocity adjacent to the mushy zone. In this paper, the radial velocity at the nondimensional liquidus temperature is the principal figure of merit used to assess convective penetration into the mushy zone.
Typical results for the extended length model are shown in Figure 5 where the effects of solidification velocity are examined for a Rayleigh number of 4.5 X 108. Since axisymmetric flows were assumed, only half of the cells bounded by the centerline and the crucible are shown. The microstructural data by Overfelt[ 161 and by McLean [29] show that for a constant temperature gradient, increases in the solidification velocity increase the cooling rate and result in a decrease in the primary dendrite arm spacing. This reduction in spacing decreases the tendency for freckles to occur [7] . Figures 5a-5c show the predicted steady state streamlines for Peclet numbers of 0.15, 1.50, and 3.00 (solidification velocities of 0.0005 cm/set, 0.005 cm/set, and 0.01 cm/set). In addition the nondimensional liquidus and solidus isotherms are shown in each case. Increasing the Peclet number decreases the magnitude of the convection cells, especially the upper cell. Inspection of the predicted position of the mushy zone shows that the equilibrium position moves downward in the pulling direction as the steady-state velocity is increased, as expected. The change in mushy zone position also decreases the penetration of the lower convection cell into the mushy zone. Thus the model predicts that increasing the Peclet number will decrease both the magnitude of the convection cells as well as their penetration into the mushy zone. These results thus indicate a decrease in the potential for freckle forming buoyant plumes as a casting's cooling rate is increased, in agreement with solidification results of Copley et al. [2] and Pollock et al. [7] . 4.5X10' (hot zone decreases from 1600°C to 15OO'C). However, decreasing the crucible diameter from 0.12 to 0.040 decreases the maximum nondimensional radial velocity from 6.1 to 0.1 when the Rayleigh number is 7.2X10' (hot zone: 1600°C). A decrease in radial velocity by a factor of 61 is predicted when the crucible diameter decreases by a factor of 3. Thus the model predicts that decreasing the crucible diameter will decrease the magnitude of the convection cells and their penetration into the mushy zone which indicate a decrease in the potential for freckle forming buoyant plumes. Heinrich [lo] also showed the benefits associated with a small diameter casting. His model for a Pb-lO%Sn alloy predicted that for a 1.5 mm crucible diameter the bulk fluid motion stabilized and all convection was avoided and thus no freckles could occur. This result also agrees with the investment casting foundry experience that thin wall castings are much less susceptible to freckle defects [30] .
V. Conclusions
An axisymmetric heat and mass transfer model of directional solidification of a typical nickel-based superalloy has been developed. Dimensionless forms of the governing equations were utilized for the computations, which were performed for a number of cases where the Rayleigh number, Peclet number, and crucible diameter have been parametrically varied. The following conclusions can be drawn from the results of the simulations:
(1) Increasing the Peclet number (or solidification velocity) lowers the position of the mushy zone and decreases the magnitude of the bulk convection. This decreases the penetration of bulk convection into the mushy zone which should decrease the potential for freckle forming plumes, consistent with previous experimental results.
(2) Decreasing the crucible diameter significantly decreases the overall convection, including the bulk convection that has penetrated into the mushy zone. This also decreases the potential for freckle formation. This is consistent with previous results and investment foundry experience.
